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We have collected a global dataset of several thousands of high quality records of PKPdf, PKPbc,
PKPbc-diff and PKPab phase arrivals in the distance range [149–178]. Within this collection, we have
identiﬁed an energy packet that arrives 5–20 s after the PKPbc (or PKPbc-diff) and represents a phase that
is not predicted by 1D reference seismic models. We use array analysis techniques to enhance the signal
of these scattered phases and show that they originate along the great-circle path in a consistent range of
arrival times and narrow range of ray parameters. We therefore refer to this scattered energy the ‘‘M’’
phase. Using the cross-correlation technique to detect and measure the scattered energy arrival times,
we compiled a dataset of 1116 records of this M phase. There are no obvious variations with source or
station location, nor with the depth of the source. After exploration of possible location for this M phase,
we show that its origin is most likely in the vicinity of the inner-core boundary. A tentative model is
found that predicts an M-like phase, and produces good ﬁts to its travel times as well as those of the main
core phases. In this model, the P velocity proﬁle with depth exhibits an increased gradient from about
400 km to 50 km above the ICB (i.e. slightly faster velocities than in AK135 or PREM), and a 50 km thick
lower velocity layer right above the ICB.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Since its discovery in 1936 by Lehmann (Lehmann, 1936), the
inner-core has been the focus of many studies (e.g. see recent
reviews by Souriau, 2007; Deguen, 2012). The fascination for this
small and solid body that is surrounded by the liquid outer-core
is due, in particular, to the signiﬁcant role it may play for the gen-
eration and stabilization of the earth’s magnetic ﬁeld.
Seismological studies have shown evidence that the inner-core
is anisotropic, with seismic waves traveling faster along the direc-
tion of the earth’s rotation axis (Morelli et al., 1986; Woodhouse
et al., 1986; Creager, 1992; Song and Helmberger, 1992; Bréger
et al., 1999). Morelli et al. (1986) suggested that this anisotropy
can be explained by cylindrical anisotropy and might be due to
preferred orientation of iron crystals. Also, there is evidence for
hemispherical variations in anisotropy and isotropic P-velocity,
with higher amplitudes of anisotropy and smaller isotropic
P-velocities in the western hemisphere than in the eastern hemi-
sphere (Niu and Wen, 2001; Cao and Romanowicz, 2004; Irvingand Deuss, 2011; Waszek and Deuss, 2011; Tanaka, 2012). To
explain this dichotomy Alboussière et al. (2010) and Monnereau
et al. (2010) recently proposed a model of inner-core melting and
freezing by permanent eastward translation of the inner-core.
This model would both explain the inner-core anisotropy and
hemispherical dichotomy. It is however difﬁcult to reconcile with
the most recent estimates of thermal conductivity of the core
(e.g. Pozzo et al., 2012; de Koker et al., 2012).
While the presence of heterogeneities in the inner-core has
been accepted for decades, it is usually assumed that the liquid
outer-core is homogeneous because of its low viscosity
(Stevenson, 1987), which could not sustain density variations large
enough to be detected by seismological methods. However, the
homogeneity of the outer-core has been debated. At the top of
the outer-core, there may be compositional stratiﬁcation with
higher than average concentration of light elements (e.g. Fearn
et al., 1981; Eaton and Kendall, 2006; Helffrich and Kaneshima,
2010). Likewise, the last 200 km at the base of the outer core exhi-
bit a reduced P-velocity gradient with depth (Souriau and
Poupinet, 1991; Song and Helmberger, 1992; Yu and Wen, 2005;
Zou et al., 2008). This region, denoted F-layer by K.E. Bullen in
the 1940s may be the site of complex dynamics (e.g. Gubbins
Fig. 1. Raypaths of PKPdf, PKPbc, PKPbc-diff (dashed line) and PKPab for a 500 km
depth event at an epicentral distance of 154:7 .
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seismic detectability of structure in the bulk of the outer-core from
P wave tomography (e.g. Soldati et al., 2003), and the presence of
faster than average P-velocities inside the tangent cylinder to the
inner core has been proposed as a possible alternative to inner core
anisotropy (Romanowicz and Bréger, 2000; Romanowicz et al.,
2003). While this possibility has been questioned (e.g. Souriau
et al., 2003; Ishii and Dziewonski, 2005; Yu and Wen, 2005), evi-
dence for hemispherical variations of structure at the base of the
outer core has also been proposed (e.g. Song and Helmberger,
1992; Yu and Wen, 2005; Zou et al., 2008).
Signiﬁcant scattering has been documented previously in the
coda of the PKPbc-diff phase (e.g.Nakanishi, 1990; Tanaka, 2005).
From the wide distribution of slownesses of PKPbc-diff investi-
gated using array data, Tanaka (2005) suggested that the small
slownesses (smaller than 2 s=) could be explained by the trapping
of seismic waves by ICB topography. Other studies have also sug-
gested the presence of signiﬁcant short wavelength topography
at the ICB (e.g. Morita, 1987; Cao et al., 2007). On the other hand,
Nakanishi (1990) suggested that the PKPbc-diff coda phases with
high slownesses (between 2 and 4 s=) could be scattered PKP
phases at the core-mantle boundary (CMB).
To investigate the velocity structure at the base of the
outer-core, Zou et al. (2008) measured PKPbc-diff travel-times
and amplitudes with respect to PKPdf and modeled synthetic seis-
mograms for a variety of F-layer models. They searched for a model
that would best ﬁt their observations. They were able to explain
the relative travel-time measurements by introducing a low veloc-
ity layer at the base of the outer-core. However, they failed to pre-
dict the PKPbc-diff/PKPdf amplitude ratios and proposed that
either ICB topography or a layer of high attenuation at the base
of the outer-core might be required to ﬁt their measurements. In
a recent paper, Souriau (2015) used a large dataset of PKPbc
travel-time residuals from seismological bulletins and analyzed
the velocity proﬁle at the base of the outer-core. Her results sug-
gest that a heterogeneous patch with P-velocity perturbations up
to 0.5% may exist in the eastern hemisphere in the deep
outer-core, right above the F-layer. If conﬁrmed, this would show
that the base of the outer-core may not be homogeneous and that
heterogeneities could be detectable using seismological tools.
In this study, we collect a global dataset of more than a thou-
sand PKPdf, PKPbc, PKPbc-diff and PKPab waveforms. We docu-
ment the presence of signiﬁcant scattering in the coda of the
PKPbc and PKPbc-diff phases. Scattering in seismic wave codas is
usually very complex and expected to be due to short wavelength
structure (Vidale and Earle, 2000). However, we easily identify iso-
lated scattered phases that are well above the noise and with
waveforms that are comparable to those of PKPdf and PKPbc core
phases. We use array analysis techniques to enhance the signal
of the scattered phases and consider the possible explanations
for these observations. We argue that the scattering must originate
near the ICB.2. Data collection and identiﬁcation of scatterers
We have collected a high quality dataset of vertical component
broad-band records of core phases: PKPdf, PKPbc, PKPbc-diff and
PKPab (Fig. 1) at IRIS, Orfeus and F-net data centers corresponding
to 435 worldwide earthquakes from January 1998 to November
2013. We only considered events with depth greater than
100 km, to avoid contamination of the core phases with depth
phases, and with mb magnitude between 5.1 and 6.8, to avoid
source complexity in the waveforms. Event parameters are from
the relocated EHB catalog (Engdahl et al., 1998; Bondár and
Storchak, 2011), or from the ISC bulletin (InternationalSeismological Centre, 2012) when EHB parameters are not avail-
able. Instrument response is removed and high-pass and
low-pass ﬁlters are applied between the frequencies 0.2–0.7 Hz
and 1.5–2.6 Hz, respectively. The cut-off and corner frequencies
have been tested and this bandpass ﬁlter seems to best highlight
the core phases.
Upon examining the collected waveforms, we identiﬁed an
energy arrival about 5–20 s after the PKPbc or PKPbc-diff arrivals
(Adam and Romanowicz, 2013) that is not predicted by reference
1D Earth models (Fig. 2 and Table 1). In order to further investigate
the origin of this energy, we systematically analyzed our dataset
for events in the south American and Fiji Islands subduction zones,
in the north Paciﬁc area, and for one deep event in Spain. We
selected the data for which we detected scattering in the PKPbc
(or PKPbc-diff) coda (see Section 4 for more information about
the detection of the scattered phases). We mainly focused our
study on these subduction zones because of the good geographical
distribution of earthquakes and available stations, although the
scattered phases are also observed in other regions (Fig. 6).
We note that the scattered energy can be individually isolated
in the seismograms (Fig. 2), in contrast to other types of scattered
energy, such as precursors to PKPdf which appear as a continuum
of energy, best modeled using an envelope-based approach (e.g
Shearer and Earle, 2008). Also, the amplitude of the scattered phase
can sometimes be almost as large as that of the PKPbc and stronger
than that of PKIIKP. We call this scattered phase ‘‘M’’.3. Array analysis
We used the Phase Weighted Stack (PWS) technique (Schimmel
and Paulssen, 1997) on small aperture arrays to enhance the scat-
tered signal and better constrain its arrival time and slowness. We
combined this technique with a beamforming analysis in order to
detect the direction of arrival of the signal and determine whether
the energy propagates along the great-circle path. Stations within
each array were chosen such that the epicentral distance and azi-
muth ranges did not exceed 5 and 10 respectively. This was to
avoid wave front distortions due to heterogeneities beneath the
stations that would reduce the coherency of the signal. The PWS
is computed with a time resolution of 0.05 s, slowness resolution
of 0:1s= and azimuth resolution of 10.
Fig. 2. Records of core phases and scattered phases for three events: South-America/China (top), Fiji Islands/Europe (middle) and Philipines/South-America (bottom). Phases
that interact with the Moho (m) or upper-mantle discontinuities (410 km or 660 km) as predicted by AK135 are indicated with dashed lines.
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grams was as follow. First, we picked all the times and slownesses
in the vespagrams that propagate along the great-circle path (or
within a window of þ= 10
) and correspond to an energy arrival.
Second, considering the depth of the source and the epicentraldistance of the stations, we computed the arrival times and slow-
nesses of the phases predicted by the 1D reference Earth model
AK135 (Kennett et al., 1995). Finally, after identifying the phases
predicted by this model, we focused on the remaining energy arri-
vals in the time window between the PKPbc and PKPab phases. If
Table 1
Epicentral distance, depth and mb magnitude ranges of the records for which the
scatterer arrival times have been measured using the cross-correlation technique.
With scattering Without scattering
Epicentral distance 146.13–175.09 150.04–175.49
Depth 151.8–678.6 km 153.9–678.6 km
mb 5.4–6.8 5.4–6.8
Table 3
Parameters of the arrays used for the PWS and beamforming analysis. See Table 2 for
more informations about the earthquakes.
event ID Location Epicentral distance range [] Azimuth range []
1. Italy 156.26–157.67 337.40–341.07
2. Italy 154.12–155.89 341.90–346.07
3. Croatia 153.50–155.49 318.70–320.30
4. East Europe 152.00–158.00 328.08–345.17
5. Croatia 153.87–155.34 321.21–322.63
6. East China 153.10–163.80 33.060–42.230
7. Greece 153.30–155.00 328.78–333.41
8. Argentina 155.00–161.00 79.24–85.71
9. Argentina 152.00–154.00 153.51–159.99
10. East China 159.50–164.50 348.39–356.90
East China 157.70–161.80 328.15–336.15
11. Italia 157.50–159.10 327.00–333.96
Croatia 152.50–155.50 333.10–338.37
Germany 151.00–154.00 342.40–344.28
Spain 162.20–166.40 11.66–27.120
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seismogram from the dataset. Less than 2% of the seismograms
have been rejected for this reason and we assume that this will
not bias the analysis. We denoted this energy the M phase and
picked its arrival time and slowness.
To perform the PWS and beamforming analysis, we selected
events for which we identiﬁed scattered phases in at least four sta-
tions in an array of stations. We completed the record-section with
available and good-quality seismograms even if no scattering was
detected in those supplementary seismograms. We assumed that
even if no scattered phase was detected visually, it might still be
present and be enhanced by stacking.
We applied these techniques to several events located in the Fiji
Islands, south American and west Paciﬁc subduction zones (see
Table 2 for more information about the events and Table 3 for more
information about the arrays). Thanks to the dense coverage of
broadband stations in Europe and the various broadband array
deployments considered, we were able to accurately constrain
the back-azimuths and the slownesses of the core phases and scat-
tered phases at various locations and in a wide range of epicentral
distances.
3.1. Back-azimuth and slowness
Fig. 3 shows an example of phase weighted stack and beam-
forming analysis for the event ID 6 (Tables 2 and 3) in Bolivia
recorded at seismic arrays in eastern China (see Fig. 6(C) for earth-
quake and station locations). Another example is presented in the
Supplementary materials (Figs. 19 and 18). The three core phases
are well identiﬁed at 0 back-azimuth i.e along the great-circle
plane (Fig. 3(B), (C), and (E)). A coherent phase arriving afterTable 2
Parameters (date, coordinates and magnitude) from the ISC-GEM catalog
(International Seismological Centre, 2012) of the earthquakes used for the PWS and
beamforming analysis. See Table 3 for more informations about the stations.
ID Location Date Coordinates [] depth
[km]
Mw
1. Fiji Islands 2005-03-30
17:41:57
22.352;
179.651
583.7 5.64
2. Fiji Islands 2006-01-02
22:13:41
19.960;
178.082
588.6 7.17
3. Fiji Islands 2006-06-27
02:59:16
19.889;
178.104
575.0 6.24
4. Fiji Islands 2007-10-16
21:05:43
25.552;
179.540
509.2 6.60
5. Fidji Islands 2007-11-19
00:52:13
21.089;
178.686
557.5 6.28
6. South
Bolivia
2008-10-12
20:55:41
20.267;
65.138
351.0 6.18
7. Tonga
Islands
2008-10-22
12:55:57
18.416;
175.309
234.1 6.37
8. Coast of
Japan
2009-08-09
10:55:56
33.138; 138.055 303.4 7.07
9. Philippines 2009-10-04
10:58:00
6.674; 123.504 625.0 6.63
10. Argentina 2011-04-17
01:58:49
27.534;
63.287
553.2 5.79
11. Fiji Islands 2011-07-29
07:42:23
23.726;
179.791
529.2 6.73PKPbc is also detected at 0 back-azimuth (see blue circle in
Fig. 3(D) and supplementary materials for more information).
This energy is rather weak and not detectable by eye in every sin-
gle record. Individual seismograms might show other energy arri-
vals with relatively high amplitude but those do not stack
constructively. Here, we do not consider these arrivals. Indeed,
Fig. 3(F) shows that stacking at other times in the PKPbc coda does
not result in a coherent arrival along the great-circle path. Figs. 22
and 23 present results of PWS and beamforming analysis at ﬁve
times in the coda of the PKPbc and show that no other coherent
phase arrives several seconds before or after the M phase. They
also present a similar analysis in the coda of the PKPab and show
that there is no coherent arrival in the PKPab coda that would be
similar to the M phase. We tested the signiﬁcance of the PKPbc,
M and PKPab phases and the robustness of the arrival times, slow-
nesses and back-azimuths measurements using the bootstrap
method. Results conﬁrm the signiﬁcance of the phases and the
use of the PWS method
Fig. 4 shows the results from the PWS and beamforming
analysis for all events and arrays in Tables 2 and 3. The results con-
ﬁrm that the scattered energy propagates along the great-circle
plane and that all the slownesses are consistent along epicentral
distance and are independent of source location and depth. The
slowness of the scattered energy is slightly higher than that of
the PKPbc phase.
Because the observations are from different source or station
locations and there is no discrepancy in the array analysis results,
the origin of the scattered phases is most likely a global feature.
Indeed, if the scattering was due to a localized heterogeneous fea-
ture within the Earth, it would not be observed with so much con-
sistency at a global scale.3.2. Polarity
We obtained high signal to noise ratio waveforms of the scatter-
ers thanks to the stacking technique. Fig. 5 shows the enhanced
signal of the scatterer for an event in the Fiji Islands, recorded at
stations in Spain and for an event in Argentina, recorded at stations
in East China (see event and stations information in Tables 2 and 3
for the event ID 11 and 10). Here, the waveform and polarity seems
to be most similar to the waveform of the PKPdf in the ﬁrst exam-
ple and of the PKPbc-diff in the second example. We found that the
waveform and polarity of the M phase is similar to the waveform of
the PKPdf, or PKPbc-diff when PKPbc-diff’s waveform differs from
the waveform of the PKPdf. No similarities with the waveform of
the PKPab has been observed.
Fig. 3. Record section (A) for an event in South Bolivia that has been recorded at stations in eastern China (see Fig. 6(C) and event ID 6 in Tables 2 and 3). Seismograms are
aligned on the hand-picked PKPdf phase arrivals. Predicted arrival times of PKPbc, PKPab and scattered phase from the phase weighted stack (PWS) analysis are marked by
colored dashed lines. The right column shows the results from the PWS and beamforming analysis as slowness vs. back-azimuth at four different times: 0 s (B), 14.59 s (C),
26.76 s (D) and 41.07 s (E) that correspond to the PKPdf, PKPbc, M and PKPab arrival times respectively. Energy arrival for each phase is highlighted by a colored circle. (F)
Beamforming result for another time in the coda of the PKPbc (21.47 s) where no coherent energy is visible. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
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To obtain travel-time measurements in places where the distri-
bution of stations is not suitable for PWS and beamforming analy-
sis (incomplete radial or azimuthal coverage of the stations) and
improve the geographical coverage of ray paths for which the Mphase may be observed, we also measured core and M phase
travel-times in individual seismograms. We used the
cross-correlation technique and measured relative travel-times of
the PKPbc, PKPbc-diff, PKPab and M phases with respect to PKPdf.
PKPdf, PKPbc and PKPab predicted arrival times are from AK135
1D reference Earth model, corrected for ellipticity. PKPab-PKPdf
Fig. 4. PWS and beamforming results (slowness as a function of back-azimuth) for
events and stations in Tables 2 and 3. The great-circle direction is at 0 .
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seismogram with the Hilbert transform of the PKPdf wavelet
(Choy and Richards, 1975). When a high amplitude was detected
in the cross-correlation function between the measured PKPbc
(or PKPbc-diff) and PKPab arrival times, we assumed it was the
M phase and measured PKPdf-M differential travel-times from
the cross-correlation. The threshold for detection is set to at least
1.5 times the average noise amplitude that is measured between
3 s after the predicted PKPbc and before the predicted PKPab
phases arrivals. Every cross-correlation function and arrival time
thus obtained have been manually veriﬁed to ensure the qualityFig. 5. Seismogram stacks at four different slownesses showing the energy arrivals of
subduction zone, recorded in Spain (top) and an event in Argentina, recorded in East Chof the measurements. In some rare cases, we could identify two
or more unknown arrivals between the PKPbc (or PKPbc-diff) and
PKPab arrivals. These records were not included in our dataset.
Ellipticity and reference Earth travel-time corrections were not
applied to the cross-correlation measurements because these cor-
rections are unknown yet for the scattered phase.
We obtained a dataset of 1601 seismograms for which we could
identify the PKPdf, PKPbc (or PKPbc-diff) and PKPab phases. For
69.71% of this dataset, we also identiﬁed an M phase in the
PKPbc coda, i.e we detected an amplitude in the cross-correlation
function that is above the threshold. The remaining 30.29% seismo-
grams did not show any high amplitude in the cross-correlation
function meaning, no scattering in the PKPbc or PKPbc-diff coda.
As shown in Fig. 6, there is no clear geographical distinction
between paths for which these scatterers are observed and paths
for which they are not or are below the threshold of detection.
The identiﬁcation, or not, of the scattered phase does not depend
on the azimuth, epicentral distance, magnitude, depth of the event
(Table 1) or the time at which the earthquake occurred (Fig. 21).
Results show consistent arrival times with epicentral distance
(Fig. 7(A)), especially considering that we analyzed data from dif-
ferent source depths and focal mechanisms. Arrival-times are also
consistent with the results of the PWS analysis (Fig. 8). We note a
good continuity along epicentral distance between the PKPbc and
PKPbc-diff differential travel-times, while the latter can be mea-
sured up to 170. The dispersion in the travel-time measurements
of PKPbc-diff is not larger than for PKPbc. We can however observe
a wider dispersion in the measurements of the M phase compared
to what is observed for the PKP phases. The energy of the M phase
arrives with a slightly larger slowness compared to the slowness of
PKPbc and smaller than that of PKPab, conﬁrming the results of the
PWS analysis. Unlike for PKPab, there is no systematic trend withthe phases PKPdf, PKPbc, PKPab and of the scattered phase for an event in the Fiji
ina (bottom).
Fig. 6. Rai paths and bottom points (white circles) with (A) or without (B) scattered
phases detected in the PKPbc (or PKPbc-diff) coda. (C) Location of the earthquake
(white star) and stations (gray circles) for PWS and beamforming analysis shown in
Fig. 3. See event ID 6 and stations location in China in Tables 2 and 3. The inset
shows a zoom on the station location.
Fig. 7. Relative travel-times of PKPbc, PKPab and the scattered phase with respect
to PKPdf as a function of epicentral distance and event depth (A). Amplitude ratios
of PKPbc, PKPab and the scattered phase with respect to PKPdf as a function of
epicentral distance and event depth (B and C) or PKPdf inner core bottoming point
depth (D). Binned amplitude ratios as a function of epicentral distance (C) are
averaged over sliding windows of 0:5 width and 0:25 step. Binned amplitude
ratios as a function of PKPdf bottoming point below the ICB (D) are averaged in
30 km width windows and 15 km step.
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vations will help to better understand the origin of the scattered
phase.
We measured the amplitude of the core phases and of the scat-
tered phase by measuring the maximum peak-to-peak amplitude
for each phase (Fig. 7(B)). Because we compared measurements
from different events and stations, we also computed averaged
amplitude ratios using sliding windows as a function of epicentral
distance (Fig. 7(C)) and PKPdf bottom point radius (Fig. 7(D)). We
see that the PKPab/PKPdf amplitude ratio is relatively constant as
a function of epicentral distance, whereas the PKPbc/PKPdf ampli-
tude ratio decays faster with epicentral distance. PKPbc/PKPdf
decays up to  161 distance and stabilizes at larger distances.
This reﬂects the fact that the PKPbc phase is not sensitive to the
same structures at short and long distances. Indeed, at short epi-
central distances, the PKPbc phase is mostly sensitive to the base
of the outer-core while it starts to sense the ICB at distances
greater than  155 i.e. the distance at which PKPbc starts todiffract at the ICB. At epicentral distances for which PKPbc diffracts,
the amplitude of the scattered phase is similar to that of the
PKPbc-diff, suggesting that both phases may be sensitive to the
same structure i.e. at and around the ICB.5. Location of the scatterer
We ﬁrst analyzed the coda of the PKPdf and PKPab phases to
look for similar scattering as in the PKPbc coda. However, we could
only identify phase arrivals that are predicted by AK135 and no
other coherent arrivals that would be similar to what is observed
in the PKPbc and PKPbc-diff coda. The coherent scattering seems
to be only associated with PKPbc and PKPbc-diff phases (Figs. 22
and 23). The beamforming results also show a much less focused
energy concentration in azimuth and slowness at the time of
PKPab than for the M phase (e.g. Figs. 3(B)–(D) and 5 where the
energy of the PKPab stacks in a wide range of slownesses), proba-
bly reﬂecting the interaction of the PKPab with heterogeneities at
the base of the mantle. The character of the M phase is clearly
different.
Fig. 8. Comparison between the predicted travel-times from the PWS analysis
(solid lines) and measured travel-times from cross-correlation analysis (colored
dots).
Fig. 9. (A) Travel-times of PKPbc, PKPbc-diff, PKPab, M and PKPbcPmP phases with
respect to PKPdf travel-times as a function of epicentral distance. (B) Lack of
correlation between the M and PKPbcPmP travel-times.
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Fig. 10. Top: comparison of the distribution of the M-PKPbc travel time anomalies
and Moho depth (Laske et al., 2013). Bottom: lack of correlation between the Moho
depth and M-PKPbc differential travel time.
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tered phases. In what follows we successively examine these dif-
ferent possibilities.
5.1. Reﬂection in the crust or upper-mantle on the station side?
We considered the crust and upper-mantle on the station side
as the possible origin of the scattering in the PKPbc coda and
searched for a phase that would arrive approximately at the same
time as the M phase.
The PKPdfPmP, PKPbcPmP and PKPabPmP phases that follow
the PKPdf, PKPbc and PKPab phases respectively and reﬂect at
the earth’s surface and at the Moho on the station side, arrive about
10 s after the main phases. We compared the arrival times of the
PKPbcPmP phase with those of the observed M phase (Fig. 9),
and found that the slowness of the PKPbcPmP phase, while similar
to that of PKPbc, does not ﬁt our observations. Moreover, if the M
phase was the PKPbcPmP phase, we would also observe a correla-
tion between the delay time between the PKPbc and scattered
phase and the depth of the Moho beneath the station. Fig. 10 shows
that there is no such correlation. The observed scattering in the
PKPbc coda is not associated with PKPbcPmP energy. Scattered
phases from deeper upper mantle discontinuities can be ruled
out as they would arrive later. The origin of the M phase is there-
fore not in the crust or upper-mantle on the station side.
5.2. Reﬂection in the crust or upper-mantle on the source side?
Because we observed scattering in records from events in differ-
ent locations and at various depths above and within the transition
zone (Table 1), we can exclude the upper-mantle on the source side
as a possible origin for the scattering in the PKPbc coda. Indeed, the
structures in the upper-mantle differ from one subduction zone to
another and would not provide coherent signals as observed.
Moreover, at each location, the scattering has been observed at sta-
tions covering a wide range of azimuths and would therefore be
sensitive to different structures in different subduction zones. In
addition, we have also observed scattered phases with the same
consistent characteristics in the coda of the depth phase pPKPbc
for different source depths (e.g. Fig. 11). This conﬁrms that theorigin of the M phase is unlikely to be in the crust or
upper-mantle on the source side.
5.3. Scattering in the lower-mantle, above the CMB?
The core-mantle boundary (CMB) and the D’’ region are known
to be the source of strong heterogeneity and the origin of core
Fig. 11. Seismogram stacks at three different slownesses showing the energy of the depth phases of the core phases and M phase for an event in Argentina, recorded in East
China.
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Husebye, 1972; Haddon and Cleary, 1974). Haddon and Cleary
(1974) and Doornbos (1976) used single-scattering theory to pre-
dict the travel-times and slownesses of PKP precursors due to D’’
heterogeneities. They compared their measurements to observed
PKP precursors and showed good agreement between the predic-
tions and the data, although later Hedlin and Shearer (2000)
argued that the scattering could be distributed more evenly in
the mantle. Cao and Romanowicz (2007) also used a single scatter-
ing approach to locate PKPdf precursors in the lower mantle
beneath Yellowknife array. To investigate scattering in the coda
of the PKPbc, we used a similar approach and predicted the scat-
tered PKPdf, PKPbc and PKPab phases using single-scattering the-
ory in a 1D Earth model with one scatterer located around the
depth of the CMB, under the source or the station. To try to explain
the M phase, scatterers need to be located such that the scattered
ray path arrives at the station with a slowness between 0.7 and
1:6 s= in order to be consistent with the PWS results. Fig. 12 pre-
sents the predicted arrival times of the scattered PKPdf, PKPbc and
PKPab phases and shows that the M-phase cannot originate near
the CMB, at least within the framework of single scattering theory,
which seems appropriate given that the observed M phase appears
as a well isolated phase.
In order to investigate this further, using multiple-scattering
theory, we modeled velocity structures above the CMB, in the D’’Fig. 12. Differential travel-times with respect to PKPdf of the data (colored dots) or
using single-scattering theory (colored dots and lines). Travel-times are computed
for scatterers located 400 km above or below the CMB and every 100 km at the
source or station side. The scatterers are located such that the ray arrives at the
station with a ray parameter that is between 0.7 and 1:6 s= to be consistent with
PWS results. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)region, and computed synthetic seismograms up to 0.7 Hz in a
spherical axi-symetric 2D, anelastic, anisotropic model for acoustic
wave propagation using the AxiSEM code (Nissen-Meyer et al.,
2014). Stations were located every degree in the ½150  180 epi-
central distance range. The D’’ region was modeled as a 200, 300 or
400 km thick layer above the CMB with velocity perturbations
between 5 and +5%. We tested various cases of velocity perturba-
tion distribution within the layer and considered a homogeneous
layer of positive or negative perturbations or a random distribution
of positive and negative perturbations in a 30 km horizontal and
vertical scale-length.
We examined the seismograms resulting from these computa-
tions and computed phase weighted stacks in 5 intervals in epi-
central distance to enhance the signal. Results may show a little
scattering in the coda of the PKPab but no scattering in the coda
of the PKPbc or PKPbc-diff (Fig. 13).
CMB topography at short wavelength or sharp vertical bound-
aries, such as expected at ULVZ’s, could be other candidates for
sources of the M phase. However, because of the similarities of
the PKPbc and PKPdf rays in the lower-mantle, if PKPbc was scat-
tered at the CMB, then we would expect to observe similar scatter-
ing in the coda of PKPdf or PKPab which is not the case (Figs. 3(F),
18(F), 22 and 23). Considering all these observations, it is unlikely
that the M phase originates in the vicinity of the CMB.
5.4. Scattering inside the inner-core?
An origin in the inner-core is unlikely because of the long time
delay of the M phase with respect to the PKPdf phase. This would
require that the M phase travel along a very long path in the
inner-core or within a very slow velocity anomaly. A slow velocity
layer has been observed in the top 40 km of the inner-core
(Stroujkova and Cormier, 2004; Waszek and Deuss, 2011),
although the observed 3% P-velocity reduction is not sufﬁcient
to explain a 10 to 40 s time lag. Besides, a very slow velocity would
have signiﬁcantly slowed down the PKPdf phase as well.
Furthermore, cylindrical inner-core anisotropy has been pro-
posed to explain the anomalous PKP travel-time observations as
a function of the angle n i.e. the angle between the Earth’s rotation
axis and the PKPdf path in the inner-core (Poupinet et al., 1983;
Morelli et al., 1986; Woodhouse et al., 1986; Creager, 1992;
Vinnik et al., 1994). The scattering in the PKPbc coda thus is not
likely related to anisotropy in the inner-core because no relation
between the scattering arrival times or amplitudes and n have been
identiﬁed. In addition, Tanaka and Hamaguchi (1997), Niu and
Wen (2001), Deuss et al. (2010), Irving and Deuss (2011) and
Waszek and Deuss, 2011 showed hemispherical discrepancies in
inner-core velocity structure, anisotropy and attenuation, whereas
there are no hemispherical variations in the scattered phase that
could point to an origin in the inner-core.
Fig. 13. Vespagram for PWS of synthetic seismograms in 150–155 epicentral distance range for AK135 reference Earth model (A) and perturbed P-velocity proﬁle in a
200 km thick layer above the CMB with 2% velocity perturbation (B). Detected core phases are highlighted with black circles. Black and white crosses in the bottom panel
show the measured travel-times and slownesses.
112 J.M.-C. Adam, B. Romanowicz / Physics of the Earth and Planetary Interiors 245 (2015) 103–1165.5. Scattering in the outer-core?
Romanowicz and Bréger (2000) and Romanowicz et al. (2003)
suggested that the ‘‘L-shaped’’ distribution of the relative
travel-time anomalies between the PKPbc and PKPdf phases with
respect to n might be due to outer-core structures (e.g. higher
velocities within polar caps or within the cylinder tangent to the
inner core). If such structures exist, the rapid velocity changes at
their relatively sharp boundaries within the outer-core could be
responsible for the scattering observed in the PKPbc and
PKPbc-diff coda. Using the AxiSEM approach, we computed syn-
thetic seismograms with perturbed outer-core velocity structures
and tested models of polar caps and tangent cylinder that best ﬁt
the PKPbc-PKPdf travel-time anomalies (Adam and Romanowicz,
2014) and analyzed the coda of the core phases. Besides
travel-time delays of the PKP phases, we did not observe scattering
in the PKPbc coda that could explain the observations.6. Discussion
Having ruled out many of the possible origins for the scattered
M phase, we are led to conclude that the scattering most likely
occurs in the vicinity of the inner-core boundary. In particular,
the observation that the amplitude of the M phase has a similar
behavior to that of the PKPbc-diff phase at large distances
(Fig. 7(C) and (D)) indicates that it is interacting similarly with
the ICB. This leads us to consider three possibilities: structure
immediately above the ICB (i.e. in the so-called F-layer),topography of the ICB (e.g. Cao et al., 2007), or patchy structure
at the very top of the inner core (e.g. Krasnoshchekov et al., 2005).
Here, we further consider the ﬁrst possibility. In the outer-core,
right above the inner-core boundary, the F-layer is a layer where
the P-velocity gradient is shallower than in the rest of the outer
core (Souriau and Poupinet, 1991; Song and Helmberger, 1992;
Yu and Wen, 2005; Zou et al., 2008), which may result from the
melting-freezing mechanisms at the ICB (Alboussière et al., 2010;
Monnereau et al., 2010). The interaction between the PKPbc or
PKPbc-diff and the F-layer might result in scattering. Souriau and
Poupinet (1991), Song and Helmberger (1992) and Zou et al.
(2008) observed that the velocity in a 150 km thick layer at the
base of the outer-core may be reduced by up to a few percent.
We used these parameters to model the F-layer using the
AxiSEM approach. Fig. 14 shows a vespagram predicted for an
F-layer model with a thickness of 200 km and a velocity reduction
of 2% with respect to AK135. We observed an energy arrival in the
vespagram that is after the PKPbc and before the PKPab arrivals
and is not predicted by the reference Earth model AK135.
However, the arrival times and slownesses do not match the obser-
vations. The average difference between the data and the model is
1.63 s for PKPbc-PKPdf, 7.11 s for M-PKPdf and 0.89 s for
PKPab-PKPdf. While the ﬁt for PKPbc and PKPab is relatively good,
the ﬁt for the scatterer is poor. Models with a thinner (down to
100 km) or thicker (up to 300 km) layer with smaller (down to
0.5%), higher (up to 5%) also fail to predict the observations.
In a recent paper, Souriau (2015) suggested the presence of a
patch with P-velocity perturbations located a few hundred kilome-
ters above the ICB to explain the measured PKPbc residuals. She
described this patch, as a 300 km thick layer with a 0.5%
Fig. 14. Left: measured relative PKPbc, PKPab and M phase travel-times with respect to PKPdf (dots). Solid colored lines show the predicted relative travel-times for a 200 km
thick F-layer with 2% P-velocity perturbations. Right: perturbed AK135 (red dashed line), AK135 (Kennett et al., 1995) (red solid line) and PREM (Dziewonski and Anderson,
1981) (gray solid line) P-velocity models. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 15. Left: measured relative PKPbc, PKPab and M phase travel-times with respect to PKPdf (dots). Solid colored lines show the predicted relative travel-times for a
perturbed outer-core P-velocity model (Souriau, 2015). Right: perturbed AK135 (red dashed line), AK135 (Kennett et al., 1995) (red solid line) and PREM (Dziewonski and
Anderson, 1981) (gray solid line) P-velocity models. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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sphere respectively. Although the existence of stratiﬁcation in
the liquid outer-core is controversial, results from this study might
reinforce the hypothesis of outer-core stratiﬁcation.
We tested the P-velocity model of the outer-core proposed by
Souriau (2015) by computing synthetic seismograms using the
AxiSEM approach and searched for energy in the PKPbc and
PKPbc-diff coda. Results show almost non-detectable scattered
phases in the coda and travel-time predictions for this scattering
do not ﬁt the observations (Fig. 15). The average difference
between the data and the model is 0.62 s for PKPbc-PKPdf, 6.11 s
for M-PKPdf and 0.32 s for PKPab-PKPdf. Travel-times are better
predicted than for the F-layer model but the ﬁt improvement for
the scattered phase is not signiﬁcant.
We tested various other models of outer-core stratiﬁcation and
showed that a 1% increase of P-velocity in a 300 km thick layer,
extending down to 50 km above the ICB explain the travel-time
observations of the M phase (Fig. 16(A)). We identiﬁed a distinct
energy arrival in the scattered coda of the stacked seismograms
(Fig. 17) that is comparable to that observed, although weaker.
Despite the poor prediction of the amplitude of the scattered phase
(Fig. 16(B) and (C)), we were able to explain the relativetravel-times with an average difference of 1.01 s for PKPbc-PKPdf,
1.89 s for M-PKPdf and 0.66 s for PKPab-PKPdf which is a signif-
icant improvement of the ﬁt for the scatterer. Although the ﬁt for
the PKPbc-PKPdf is good, we observed an advance of the absolute
arrival times of PKPdf, PKPbc and PKPbc-diff of at most 1.3 s. A
slow velocity layer in the inner core may be require in order to
ﬁt both absolute and relative travel-time as well as the scatterer
relative travel-times. Also, further adjustments are still necessary
to better explain the amplitude of the M phase.
A structure with an increased gradient starting 400 km above
the ICB and a relatively thin lower velocity layer at the base of the
outer core, as shown in Fig. 16, ﬁts travel-times of the M phase
without destroying the ﬁts to PKPbc-PKPdf. This indicates that
the causative structure could be a thin layer of lower than average
P-velocities above the ICB, which in reality might have laterally
variable thickness, in order to explain the dispersion in the travel
times of the M phase as well as the variability in its amplitude.
However, we cannot at this point completely rule out the possibil-
ity that the causative structure is ICB topography, as suggested by
Tanaka (2005) and Zou et al. (2008). Indeed, a model with ICB
topography of sinusoidal shape with 5 km horizontal and vertical
scale-length ﬁts the PKPbc/PKPdf and PKPbc-diff/PKPdf amplitude
Fig. 16. Left: colored dots show the measured PKPbc, PKPab and M phase relative travel-times (A) and amplitudes (B and C) with respect to PKPdf. Solid colored lines show
the predicted relative travel-times for perturbed outer-core P-velocity model. Right: perturbed AK135 (red dashed line), AK135 (Kennett et al., 1995) (red solid line) and
PREM (Dziewonski and Anderson, 1981) (gray solid line) P-velocity models. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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scattering in the coda of these waves that would ﬁt the observa-
tions. Because of technical difﬁculties with ﬁne-tuning the ICB
topography models that can be tested at this point, testing this
kind of model will be addressed in the near future. An heteroge-
neous layer with lateral variations or ICB topography may result
in focusing and defocusing effects that could explain the instability
in the detection of the M phase at nearby stations.
7. Conclusion
In conclusion, we have identiﬁed signiﬁcant arrivals in the coda
of the PKPbc and PKPbc-diff phases that appear to be due to single
scattering in the deep earth, and we called the corresponding
phase ‘‘M’’. We ruled out a crust or upper mantle origin on the
source and station side, as well as an origin near the core-mantleboundary. We also ruled out layering in the inner core as a possible
origin for the M phase. This phase thus appears to originate near
the ICB or at the base of the outer core. In a future work, we will
document the PKPbc-diff phase in order to better understand the
structure of the ICB and its role for the generation of the M phase.
We have explored models of structure at the base of the outer
core, some of which appear to correctly predict the travel times
of the M phase without destroying the ﬁt to the travel times of
PKPbc-PKPdf. A 300 km thick layer with a larger gradient than
in AK135 over a 50 km lower velocity layer above the ICB (i.e.
where velocities are closer to those of AK135) provides a good ﬁt
to travel-times. Lateral variations in the thickness of this layer,
combined with ICB topography, may help improve the ﬁts to the
amplitudes. In future work, we will also explore possible effects
of other types of lateral heterogeneity in the immediate vicinity
of the ICB.
Fig. 17. Vespagram for PWS of synthetic seismograms in 150–155 epicentral distance range for AK135 reference Earth model (A) and perturbed P-velocity proﬁle as in
Fig. 16(D) (B). Detected core phases and scattered energy are highlighted with black circles. Black and white crosses show the measured travel-times and slownesses. C:
stacked seismograms at four slownesses showing the different phases.
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